C aveolae (for "little caves") are small (50-100 nm) plasma membrane invaginations discovered by electron microscopy in 1953. [1] Caveolin (Cav) and Cavin proteins are the key components of caveolae that are enriched in glycosphingolipids, cholesterol. Cav1 was identified in a screen of proteins phosphorylated by the tyrosine kinase v-Src [2, 3] and the same year Vesicular Integral-membrane Protein of 21kDa (VIP21) was found to be Cav1. VIP21 was cloned as a component of the vesicular transport machinery localized at the plasma membrane, the Golgi network and on vesicular structures. [4, 5] Among the three caveolin isoforms, Cav1 and Cav3 but not Cav2 are required for caveolae biogenesis. Cav3 expression is restricted to muscle.
Caveolins have long been known to interact with a variety of signaling molecules, which include G-protein coupled receptors, Src family kinases, ion channels, endothelial nitric oxide synthase (eNOS), adenylyl cyclases, protein kinase A (PKA), and mitogen-activated PKs (MAPKs). [6, 7] There is, however, some debate on the relevance of these interactions and the mechanisms by which caveolae and/or caveolins may control intracellular signaling. [8] The modulation of cell signaling by caveolae and/or Cav1 could be one of the mechanisms by which caveolae play a role in cell transformation and tumor progression. In humans Cav1 is localized to the locus D7S522 of 7q31.1 chromosome, often deleted in cancers, [9] suggesting a tumor suppressor role. However, others studies have also shown that Cav1 expression is up-regulated in cancers, suggesting instead an oncogenic activity. These data and others [10] indeed emphasize the existing controversy on the role of Cav1 and caveolae in cancer and the need to obtain more mechanistic insight on Cav1 function. In this review, we will try to resume the roles of Cav1 in tumorigenesis and to address this apparent controversy in the light of our recent results on caveolae in cell mechanics. [8, 11] Functions of caveolin-1
Caveolin-1 structure
After the initial discovery of caveolae, it took almost 40 years to identify Cav1, its main constituent. [12] Cav1 is a membrane 178 amino acids protein of 21 kDa, synthesized in the endoplasmic reticulum and assembled along the membranes of the secretory pathway into large caveolar domains. Cav1 has a high affinity for cholesterol [13] and forms oligomers. [14] Cav1 oligomerization is key to the generation of the final caveolae structure, each of which contains approximately 150 Cav1 molecules. [15] [16] [17] [18] The Src tyrosine kinase can phosphorylate Cav1 on its tyrosine 14 residue, a post-translational modification that has been associated with different processes including cell migration, signal transduction, and focal adhesion dynamics. [19, 20] In vivo, two isoforms of Cav1 were observed: α-Cav1 that contains residues 1-178 and β-Cav1 that contains residues 32-178. Thus, only α-Cav1 can be phosphorylated by the Src kinase. Recently, other tyrosine kinases such as c-Abl and Fyn were identified as able to phosphorylate Cav1 on tyrosine 14 as well. [10] Cav1 can also be phosphorylated on its serine 80 residue, a modification that has been linked to Cav1 secretion. [21] [22] [23] It has been difficult to translate the apparent diversity of Cav1 interacting molecules into a consensus binding sequence within Cav1. Several studies have, however, outlined the presence of a Cav1 binding motif (CBM) in several signaling proteins. [24] [25] [26] The CBM would allow the interaction with a so-called Cav-scaffolding domain (CSD), a conserved region (residues 82-101) within the Cav1 domain that lies in the vicinity of the plasma membrane. As indicated by its name, the CSD is required for the oligomerization of Cav1 and binds cholesterol. The Cav1 CSD would bind several signaling effectors including some growth factors receptors, eNOS, Src tyrosine kinases, G-proteins and G-proteins coupled receptors. [8] This hypothesis has been, however, recently debated based on the structural analysis of the known CBM motifs. [27] Nevertheless, it was shown that CSD mimetic peptides can modulate eNOS activity in endothelial cells. [28] Clearly, the ability of Cav1 to bind and modulate different signaling effectors through its CSD may have an important role in tumor progression. Further studies are, however, needed to understand the role of the CSD domain in caveolae function.
The caveolae structure
Despite their close morphological resemblance with clathrin-coated pits, the role of caveolae in endocytosis appears to be quantitatively minor. [29] In fact, caveolae are stably anchored at the plasma membrane through interactions with the actin cytoskeleton and actin connectors such as filamin A and the adenosine triphosphatase (ATPase) Eps-15 homology domain-containing protein 2 (EHD2). [30, 31] Indeed, in cells devoid of Cav1 or depleted for Cav1, no caveolae invaginations can be morphologically detected at the plasma membrane. [32] Recently, cavins, a new family of cytosolic proteins have been identified as important structural elements of caveolae. Cavins present a coiled-coil domain in the amino-terminal part allowing the formation of large heteromeric complexes that are recruited to caveolae at the plasma membrane. [16, 33, 34] Four cavins have been identified in mammals: Cavin1 (also known as PTRF for Polymerase I and transcript release factor), Cavin2 (also known as SPDR for serum deprivation response protein), Cavin3 (also known as SRBC for sdr-related gene product that binds to c-kinase) and Cavin4 (also known as MURC for muscle-restricted coiled-coil protein). [35] Cavin1 was identified as a soluble transcriptional factor that facilitates the reinitiation of RNA Polymerase I. [36] It was recently shown that Cavin1 is recruited to the plasma membrane by caveolins and is required for caveolae formation. [37, 38] The profile of Cavin1 expression is quite broad and similar to Cav1. The absence of Cavin1 leads to the loss of morphological caveolae and inhibits the expression of caveolae proteins. The inhibition of Cavin1 only induced an increase of mobility, internalization and degradation of Cav1. [38] Cavin2 was purified as a phosphatidylserine (PS)-binding protein and its messenger RNA (mRNA) is increased in a serum-deprived microenvironment. [39, 40] Cavin2 is localized in the caveolae and binds PKC alpha. [41] The downregulation of Cavin2 induced the loss of Cav1 and Cavin1 expression and limited caveolae formation. [42] Cavin2 was shown to promote recruitment of Cavin1 to caveolae. Cavin3 was identified as a PKCdelta binding protein in a screen. [43] Similar to Cavin2, the mRNA for Cavin3 is induced in response to serum deprivation. [43, 44] Cavin3 is highly localized to caveolae and in the absence of Cavin3, Cav1 trafficking is impaired. [45] Cavin4 is a cytosolic muscle specific protein and can interact with Cavin2. [46] Cavin4 was shown to influence cardiac function by activating RhoA and extracellular-signal-regulated kinase (ERK) pathway. [47] Cavin4 is likely to be an interesting candidate for the muscle-related caveolinopathies. Indeed, Cavin4 mutations have recently been linked to human cardiopathies. [48, 49] Recent structural studies based on electron microscopy and X-ray crystallography confirm that Cavins together with Cav1 are organizing a caveolar coat that plays an essential role in caveolae assembly. [16] [17] [18] Thus, it was shown that Cavin1 associated with Cavin2 or Cavin3 in a mutually exclusive manner at a ratio of 2 or 3 to 1 whereas Cavin1 associated with Cav1 at a 1-4 ratio. These studies further suggest that cytosolic Cavins oligomers are recruited at the plasma membrane to negatively charged lipids such as phosphatidylinositol (4, 5) bisphosphate and PS after their clustering by Cav1. Fifty Cavin and 150 Cav1 molecules would be present in caveolae and their structural organization would be responsible for the striated aspect of caveolae observed by EM. [18] Pacsin2/syndapin-II (PKC and casein kinase substrate in neurons 2) and EHD2 proteins have also been recently identified as new caveolar proteins. Pacsin2 contains a membrane curvature binding BAR domain, colocalizes partially with caveolae and participates in their morphogenesis. Depletion of Pacsin2 induces a loss of caveolae morphology and a decrease of Cav1 and Cavin1 levels. [31] EHD2 is an ATPase, present at the neck of caveolae. [50] [51] [52] EHD2 is not required for caveolae formation but stabilizes the caveolae at the plasma membrane. EHD2 depletion results in increased Cav mobility and caveolae endocytosis. [53] A three-dimensional electron microscopy analysis has also revealed complex interactions between caveolae and the cytoskeleton. [54] Actin filaments, microtubules and, in particular, contexts, intermediate filaments can all associate with caveolae. [30, 55, 56] These interactions are likely to occur through several proteins reported to bind actin and Cav1 such as Filamin A, EHD2, Pacsin2. [30, 31] Caveolae have long been involved in intracellular signaling by organizing specific signaling platforms at the plasma membrane. [57] In agreement with their recently discovered role in cell mechanics, caveolae have also been associated with several bona fide mechano signaling pathways such as MAPK, AKT/PKB, Src Kinases, Rho, and Rac1 GTPases. [58] Caveolae may play a direct role in regulating or facilitating lipid and fatty acid transport. [59] In this context, it is interesting that a Cav1 codon stop mutation that results in complete lack of caveolae in a human patient was associated with a major lipodystrophy phenotype. [60] Noncaveolar caveolin-1?
A relevant and unanswered question is whether caveolae functions are mediated by Cav1 organized as a coat on caveolae or whether noncaveolar Cav1 may also carry distinct activities. [8] Indeed, many studies have attempted to assign a specific function to noncaveolar Cav1 in the regulation of various cellular activities, including lipid transport, gene expression, and mitochondrial function. [61] Cav1 has been detected in the noncaveolar regions such as the cytoplasm, focal adhesions, and the nucleus. For example, tyrosine phosphorylated Cav1 (pY14) has been localized in focal adhesions and involved in their regulation and stability and regulation of focal adhesion.
[62] Indeed, p-Cav1 can stabilize focal adhesion kinase and induce focal adhesion turnover and cell migration. [63] However, the localization of p-Cav1 in the focal adhesion has been put under doubt as it was later observed that the antibody against p-Cav1 recognizes also paxillin. [64] In theory, three distinct Cav1 assemblies could be organized at the plasma membrane: Oligomerized caveolar Cav1, noncaveolar Cav1 scaffolds, and single Cav1. Proteomics and subdiffraction-limit microscopy recently confirmed that Cav1 scaffolds are structurally and functionally distinct from caveolae. [65] Exogenous expression of Cav1 at levels below the threshold for caveolae formation resulted in the assembly of stable oligomerized Cav1 microdomains or scaffolds that can modify lipid ordering and raft dynamics and results in negative regulation of epidermal growth factor receptor signaling by decreasing its diffusion rate. [66] In most studies however, the role of noncaveolar Cav1 has been addressed through experimental conditions where Cav1 levels were artificially increased by transient overexpression or in more recent examples, by knocking down Cavin1 to prevent caveolae assembly. [67] Whether free Cav1 exists at the plasma membrane in addition to caveolae in cells expressing normal levels of cavin and Cav1 remains to be documented.
A new role for caveolae in cell mechanics
Recently, a new role of the caveolae was established in cell mechanosensing. Under acute mechanical stress induced either by hypo-osmotic swelling or by uniaxial cell stretching, it was observed that caveolae disappear rapidly by flattening out into the plasma membrane. [8, 11] The caveolae structure provides, therefore, a membrane reservoir, immediately available to buffer against instantaneous changes of membrane tensions in a passive process that does not require ATP. Caveolae flattening is followed by caveolae disassembly as shown by the release of Cav1 and Cavin1 at the plasma membrane. [11, 68] It is, therefore, likely that in addition to buffering membrane tension variations, caveolae disassembly will also affect the classical functions mediated by caveolae/Cav1 such as lipid metabolism and intracellular signaling. For instance, the release of Cav1 within the inner leaflet of the plasma membrane could interfere with membrane lipid ordering and Cav1-interacting signaling proteins. Similarly, Cavins that are released in the cytosol may also interfere with caveolae assembly and reassembly upon stress release. Owed to its initial characterization as a transcription factor, the release of cavin1 from caveolae at the plasma membrane could regulate the transcription of various genes upon its nuclear translocation. It will be important to determine, which components of the caveolae-dependent signaling pathways are triggered by mechanical forces at the plasma membrane. On return to normal conditions, there is an immediate reassembly of the caveolar structure and the interaction between Cav1 and Cavin1, which however, requires ATP.
[8]
Involvement of caveolin-1 in cancer
Since their discovery, there have been literally thousands of studies that have tried to address the function of caveolae and/or Cav1. Indeed, epidemiological, molecular and clinical date converge to imply caveolae and/or Cav1 in several cancer-associated processes, such as cell transformation, tumor growth, cell migration, invasion, multidrug resistance (MDR) and angiogenesis. The role of caveolae in cancer remains, however, debated with either beneficial or detrimental effects. [10] The lack of specific cargo and the absence until recently of specific tools have contributed to the persisting controversies on the role of caveolae. Several studies have produced quite opposite conclusions, and there is still often confusion between caveolae as bona fide organelles and Cav1 as the protein constituting caveolae. From these studies, it is quite impossible to reach a clear consensus on the role of caveolae. Nevertheless, one should privilege recent studies where the availability of Cav1 knockout mice, the identification of new Cav1 partners and the use of genome-edited cell lines are likely to produce more specific results and hopefully resolve some of the controversies in the field.
Cav1: A tumor suppressor?
The D7S522 locus on human chromosome 7q31.1, where the Cav1 gene is localized, is commonly deleted in various human cancers, including breast, kidney, prostate, neck, ovary, and colon cancers suggesting that this region, in particular, Cav1 may be a tumor suppressor. [9, 69] Supporting this hypothesis, a sporadic negative mutant of Cav1 P132L has been described. The expression of P132L mutant results in the absence of caveolae at the plasma membrane. [70, 71] Indeed, this mutant is retained in the Golgi apparatus. This mutation is dominant negative when both the P132L mutant and wild-type Cav1 are expressed in cells, both become localized to the Golgi, which is a fate common to misfolded proteins. [70] The P132L mutant induces cellular transformation and causes up-regulation of several signaling pathway (endothelial growth factor [EGF], hepatocyte growth factor [HGF], MAPK). [72] Furthermore, a study demonstrates that in Met-1 cells, Cav1 P132L acts as a loss-of-function mutation and promotes recurrence of breast cancer. [73] In human breast cancer, Hayashi et al., reported that this mutation was found in 16% of 92 samples of human breast cancers. [72] [73] [74] Another study showed that Cav1 P132L mutation was present in 9% of breast cancers. [75] However, the existence of this mutation has also been debated with studies reporting that the P132L mutation was not detected in breast cancer and others cancers types. [76, 77] It is interesting that a similar mutation P104L on the muscle-specific Cav3 isoform has been associated with muscular dystrophies. [78] Many oncogenes, including Src, Ras, Bcr-Abl, have been shown to transcriptionally down-regulate Cav1 expression. Indeed, Cav1 levels are decreased in NIH-3T3 cells transformed by Bcr-Abl and Ras and inversely correlated with the soft agar growth. [79] Reduction of Cav1 using antisense approach induces transformation in mouse embryo fibroblast cells (NIH-3T3), allowing these cells to form tumors in nude mice. [80] The generation of Cav1 (-/-) mice supports the idea that Cav1 is a "transformation" suppressor. However, Cav1 (-/-) mice do not develop mammary tumors in the absence of additional genetic/carcinogenic stimuli. [81, 82] After chemical carcinogenic treatment, the skin of Cav1 (-/-) mice form tumors associated with cyclinD1 overexpression, ERK1/2 hyperactivation, and epidermal proliferation. [83, 84] The crossing of Cav1
(-/-) mice with tumor prone transgenic mice-Polyoma middle T antigen (MMTV), a breast cancer mouse model, accelerate the appearance of mammary tumors and metastatic lung disease. [85] [86] [87] Crossing Cav1
(-/-) mice with INK4a
(-/-)
, a tumor suppressor, induce also the alteration of mammary epithelial ductal morphology, with hyperplasia, increased side-branching and fibrosis. [86, 88] Loss of Cav1 in the INK4a
(-/-) genetic background results in constitutive hyperactivation of the p42/44 MAP kinase, decreased expression of p21Cip1, as well as cyclinD1 overexpression, consistent with their hyperproliferative phenotype. Cav1 is also reduced or absent in mammary tumors from MMTV-c-Myc,-Her2,-Src,-Ha-Ras and p53 null transgenic mice. [89] Cav1: An oncogene?
It appears that Cav1 expression may be reduced, unchanged, or overexpressed depending of the tumor cell type. Indeed, Cav1 is downregulated in ovarian, lung and mammary carcinomas, whereas Cav1 is overexpressed in the bladder, esophagus, thyroid and prostate carcinomas. [88] Moreover, during the early stage of tumorigenesis, Cav1 inhibit cell cycle progression and cell proliferation, whereas Cav1 may induce more advanced cancer phases, including metastatic process. [90, 91] Cav1 expression could result in increased cell migration and invasion. Indeed, it was shown that Cav1 promotes Rac1 activation and migration of cancer cells. Cav1 prevents Rab5 inactivation through the endosomal recruitment of the PI3 kinase subunit p85α known to increase Rab5 GTPase activity, leading to increased Rac1 activity and enhanced tumor cell migration and invasion. [92] Cav1-induced cell migration and Rac1 activation are accompanied by increased melanoma metastasis in vivo. [93] Moreover, the RhoA/Rho-associated protein kinase signaling pathway has been shown to promote migration and invasion by regulating focal adhesion dynamics through Src-dependent Cav1 pY14. [94, 95] Different studies have shown that Cav1 is upregulated during metastasis. It was shown in the mouse that Cav1 is overexpressed in metastatic prostate cells compared with the primary prostate tumor. [96] In breast cancer, a strong association was found between Cav1 expression and a basal-like-phenotype, since 52% of tumors that expressed Cav1 had this phenotype, compared with only 9% of Cav1-negative carcinomas. [97] Moreover, 90% of metaplastic breast cancers have been shown to express Cav1. [82] Cav1 overexpression has been also correlated with metastasis in esophageal squamous cell carcinoma, renal cell carcinoma, mammary adenocarcinoma, and metastatic cell lines derived from lung adenocarcinoma. [94, [98] [99] [100] Cav1 upregulation during metastasis process is therefore in favor of the oncogenic activity of Cav1.
The upregulation of Cav1 may be linked to the observation that Cav1 levels are also increased during MDR in cancer cells. [101, 102] MDR is a multifactorial process that involves the elevated expression of drug transporters as well as additional biochemical changes that contribute to the drug-resistant phenotype. Cav1 has been implicated in mediating resistance to chemotherapeutics and radiotherapy. [103] Indeed, Cav1 expression is increased in MDR-MCF7 breast cancer cells. [103] The consequence of the upregulation of Cav1 in MDR cells is a slower rate of proliferation, which may provide MDR cells with some protection against the action of cytotoxic drugs and thus contribute to their selective growth advantage under chemotherapy.
The role of Cav1 is clearly multidimensional, and available evidence does not allow to confidently assign Cav1 expression levels with a canonical tumor suppressor or oncogenic activities.
Cav1 in the microenvironment
Cancer development and progression is not only associated with the proliferation of tumor cells, but also with interactions within the stromal cellular microenvironment that is, represented by fibroblasts, immune and inflammatory cells. Recently, several studies have involved stromal Cav1 in tumor progression and metastasis. It has been reported that the absence of stromal Cav1 is associated with poorer prognosis and is a predictor of metastasis in breast cancer. [104] [105] [106] [107] Loss of stromal Cav1 predicts poor outcome in triple-negative breast cancers, [108] whereas high stromal Cav1 correlates with reduced tumor size, grade, metastasis and improved survival. [109, 110] The loss of stromal Cav1 could promote tumor growth, via the upregulation of collagen VI and other extracellular matrix (ECM) components, in the tumor/stromal microenvironment. [111] Likewise, stromal Cav1 was downregulated in pancreatic cancer compared with paraneoplastic and normal tissue. Loss of stromal Cav1 is closely correlated with advanced tumor stage, lymph node metastasis, distant metastasis, and poor prognosis. [112, 113] In contrast to these studies, the expression of Cav1 in cancer-associated fibroblasts (CAFs) or tumor-associated fibroblasts and in stromal cells has recently been associated with a worse outcome in breast cancer. [114] Indeed, Cav1 expression in breast CAFs correlates with low survival, and Cav1 depletion in CAFs decreases stromal cells contractility. Consistently, CAF expression of Cav1, which occurs through p190RhoGAP activation, was required to guide the migration and invasiveness of carcinoma cells in vitro. In vivo, stromal Cav1 remodels peri-and intratumoral microenvironments to facilitate tumor invasion, correlating with increased metastatic potency. [114] It was also observed that Cav1 is expressed in fibroblasts from the desmoplastic pancreatic cancer stroma, but not in stromal cells from normal pancreas. [115] The reasons for this apparent discordance about the role of stromal Cav1 expression and its association with good or poor prognosis in cancer remain unknown.
Cav1 and neovascularization
Neovascularization is yet another very important contributor to tumor growth. Indeed, in the absence of neoangiogenesis, tumors would remain small and localized to their primary site. In addition, neovascularization is often associated with rheological perturbations of the blood flow in tumors and likely contributes to the increased level of mechanical forces encountered by cancer cells. Under hypoxia, tumor cells are able to secrete angiogenic factors, such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) that induce the tumor neovascularization. [116] Endothelial cells which constitute the monolayer cell wall of arteries and veins are particularly enriched in caveolae, and Cav1 has been shown to control several aspects of endothelial cell functions in normal and pathological conditions. [117, 118] For instance, it was shown in Ewing sarcoma that Cav1 together with EphA2 induce the activation of AKT signaling to produce bFGF, promoting tumor-induced endothelial cell migration and favoring angiogenesis. [119] In prostate cancer, Cav1 is also capable of significantly altering the tumor microenvironment by stimulating angiogenesis. Cav1 would stimulate specific angiogenic activities through the modulation of the PI3K-eNOS pathway. [120] It was shown that prostate tumors positive for Cav1 displayed greater angiogenesis in comparison to the Cav1 negative prostate tumors. It was also observed that Cav1 colocalized with VEGF-2 in tumor-associated endothelial cells. [121] Moreover, the depletion of Cav1 in endothelial cells affected cell migration and reduced angiogenesis in response to VEGF. [122] Plasmalemmal vesicle associated protein 1 (PV1) is an endothelial specific protein with structural roles in the formation of diaphragms in various structures of endothelial cells including caveolae. PV1 is also highly expressed in endothelial cells of many solid tumors, especially after VEGF or HGF stimulation and can induce endothelial cell migration. [117] Removal of caveolae in mice by depletion of Cav1 or Cavin1 reduced the protein level of PV1 in lung microvascular endothelial cells. [120] However, the absence of Cavin1 in prostate cancer cells contributes significantly to tumor progression and metastasis by promoting the angiogenesis potential of prostate cancer cells. [123] Biomed J Vol. 38 No. 5 September -October 2015
Caveolae new partners and cancer
During the progression of prostate cancer, a loss of Cavin1 expression was observed. [124, 125] In prostate cancer cells, down expression of Cavin1 induced cell migration and contributed significantly to tumor progression and metastasis. [123, 126] These effects are mediated through reduced expression of matrix metalloproteases and altered secretion of proteases, cytokines and growth regulatory proteins. [127, 128] Furthermore, re-expression of Cavin1 in PC3 cells (human prostate adenocarcinoma) that have lost Cavin1 expression reduces the migratory capacity of these cells and tumor growth and metastasis in vivo. [126, 129] Similarly, Cavin1 expression is decreased in lung cancer. [130] In breast cancer, the Cavin1 expression is down-regulated as a result of methylation of the Cavin1 promoter. [131] Cavin1 play also a role in the MDR in breast cancer. [132] Indeed, Cavin1 is necessary for MDR in cancer cells via the fortification of lipid rafts. Since Cavin1 and Cav1 are co-transcriptionally regulated, a loss of Cavin1 will be associated with a loss of Cav1 as well. Thus, it will be important to know whether these effects are directly linked to the absence of Cavin1, the associated loss of Cav1 or the resulting lack of assembled caveolae is unknown. In this context, Cavin1 was shown to modulate the oncogenic function of Cav1 and to cooperate with Cav1 to enhance aggressiveness. [133] The role of Cavin1 in cancer is in agreement with the co-transcriptional regulation of Cavin1 and Cav1.
Cavin2 is also down-regulated in breast, kidney, and prostate tumors. [134, 135] Cavin2 was also associated with the ability of normal cells to control the growth of adjacent tumor cells. [136] Cavin3 is frequently inactivated in ovarian cancers. [137] Cavin3 is also down-regulated in breast cancer cell lines and breast tumor tissue. [131] Cavin3 may repress matrix metalloproteinase-9 transcriptional regulation and act as tumor suppressor in controlling the invasive potential of cells. [138] It was also observed that the DNA methylation of Cavin3 is associated with the acquisition of chemoresistance to the in colorectal cancer. [139] The EHD2 gene is localized in the chromosome 19q-Arm glioma tumor suppressor region, but EHD2 has been previously excluded as a candidate for the glioma 19q tumor suppressor gene. [140] Moreover, EHD2 was reduced in human esophageal squamous cell carcinoma as compared to adjacent normal tissues. Under-expression of EHD2 increased the motility property of ESCC cell TE1 in vitro. [141] Under-expression of EHD2 has also been reported in malignant serous ovarian cancer samples. [142] A new mechanical role for caveolae in cancer?
Cells in multicellular tissues are subjected to a myriad of forces, including compressive, tensile, fluid shear stress and hydrostatic pressure, each of which plays an intricate part in the shaping, development and maintenance of the tissue. Importantly, the manner in which cells interact with these forces, and hence respond to them, is largely dictated by the physical properties of the cells, their adjacent cells and the ECM, which is the principal extracellular component of all tissues and organs. Cancer cells exist in a constantly evolving tissue microenvironment of diverse cell types within a proteinaceous ECM. As tumors evolve, the physical forces within this complex microenvironment change, with pleiotropic effects on both cell-and tissue-level behaviors. Recent studies point to the emerging concept that the mechanical microenvironment of tumors may have an important role in the control of their evolution. [143] [144] [145] Indeed, tumors are often characterized by an enhanced rigidity of their structure in comparison to the surrounding tissue. While this aspect is well known to pathologists, it has been poorly explored at the molecular level. An elegant study has recently shown that the mechanical pressure exerted by tumor growth onto nontumours adjacent colon epithelium could actively promote malignant transformation in vivo. [146] It has been shown in breast cancer cell lines that the degree of tumor rigidity and fibrosis may influence the first stage of cancer leading to the invasive stage when cells metastasize to other parts of the organism [147] and fibrotic "stiff" lesions have a poor prognosis. [148] In a recent work examining tissue rigidity and tumor behavior, matrix stiffness could be directly related to tissue growth and was suggested to be a key factor in tumorogenesis. [149] It was further shown that tumor rigidity reflected an increase in stromal stiffness and tumor cell tension, and that these two processes were linked through Rho and growth factor dependent ERK activation, and involved integrins. [150] In situ biomechanical characterization of mouse mammary gland with atomic force microscopy revealed that mammary tissues stiffness increases as they transformed and that the epithelium, tumor-associated vasculature and the ECM each contribute to the mechanical landscape of the evolving tumor. [151] Importantly, isolated tumor cells also show an intrinsic higher membrane tension value than their normal counterparts. [149] In this context, it is interesting that the expression of Cav1 in epithelial and stromal cells (adipocytes, fat pads, fibroblasts) provides a protective effect against mammary tumorigenesis.
[ 111] In contrast, another study shows that stromal Cav1 remodels peri-and intra-tumoral microenvironments in vivo to facilitate tumor invasion, correlating with increased metastatic potency. [114] The fact that the expression of Cav1 in human cancer cell lines and tumor samples seems to depend on tumor type and stage may explain these apparent contradictions. [152] Thus, the role of Cav1 in tumorigenesis would clearly depend on the stage of the tumor with a tumor suppressor role in nonneoplasic tissues, a loss of expression during transformation and a re-expression in advanced tumor stages (metastases and MDR). [153] If this model corroborates with most animal models and patients data, the molecular mechanisms controlling Cav1 levels with respect to tumor evolution are unknown.
During tumor evolution, cancer cells are likely to experience different types of mechanical constraints during their contact with the different tissue microenvironments [ Figure 1] . [145] In carcinoma in situ, the loss of cell polarity and increased cell proliferation result in volume expansion and mechanical resistance from the basal membrane and interstitial ECM, which leads to increased forces between cancer cells and stromal matrix. ECM components remodeling leads also to increased ECM and tissue stiffness, and thereby increased cell tension. In invasive tumors, cancer cells breakdown the basal membrane and invade the ECM, again experiencing different degrees of forces from the density of the ECM network. These forces together with genetic and epigenetic events can modify the contractility and viscoelasticity of cancer cells. During intravasation and extravasation, cancer cells again experience various forces, especially shear forces from the blood flow. Finally, when cancer cells metastasize, they are likely to encounter very different mechanical surroundings, according to the stiffness or softness of the invaded organ.
Based on our recent discovery that caveolae play a key role in the adaptation of cells to mechanical stress, [11] we propose the new hypothesis that the mechano-dependent cycle of caveolae disassembly/reassembly, and its molecular consequences on mechanosignaling and Cav1 synthesis, Figure 1 : Potential role of caveolae in tumor progression. Tumors are often characterized by enhanced rigidity and stiffness and recent evidence shows that tumor progression is associated with alterations in tissue and cell mechanics. Caveolin 1 (Cav1), the main constituent of caveolae, is clearly involved in tumor progression. A biphasic expression pattern could be correlated with distinct Cav1 functions. It was shown that Cav1 expression is low during the first stage of tumor progression, however, Cav1 is overexpressed during the advanced cancer phases, including metastatic process. Thus, Cav1 would act as a tumor suppressor at early stage of transformation and tumor progression while it would play an oncogenic role inducing migration and metastasis at later stages. Our hypothesis is that the dual role of Cav1 in tumor progression may be explained by their recently discovered new function as mechanosensors that adapt the cell response to mechanical forces. Thus, in in situ carcinoma, when proliferative tumor cells become confined by the basal membrane, functional caveolae respond as mechanosensors with cycles of caveolae disassembly/reassembly induced by external forces. In invasive carcinoma, tumor cells break down the basal membrane and invade the extracellular matrix. Tumor cells are thus exposed to mechanical forces generated by the extracellular matrix and tissue stiffness. Increased mechanical environment may overwhelm and alter the functional cycle of caveolae disassembly/reassembly. This in turn may impair the caveolae mechanical response and Cav1 dependent mechano-signaling thereby promoting migration and metastasis formation. determines, at least in part, the role of caveolae in tumor progression. Caveolae mechanics are likely to be impaired in cellular microenvironments with increased membrane tension and rigidity such as those experienced by cancer and stroma cells during tumor mass progression. In support of this hypothesis, Cavin-1, -2 and -3, which are required to assemble functional caveolae at the plasma membrane are down-regulated in breast cancer cell lines and breast tumor tissues. [154] As mentioned above, an unresolved question in the field is to know whether distinct functions are carried out by free Cav1 that is, noncaveolar Cav1 and by caveolar Cav1 that is, assembled Cav1 in functional caveolae. In this context, it is important to note that mechanical constraints may be one of the physiologically relevant stimuli resulting in the release of free Cav1 at the plasma membrane. Indeed, total internal reflection fluorescence-fluorescence recovery after photobleaching microscopy used in the Sinha study revealed a three-fold increase of diffusing free Cav1 at the plasma membrane under hypo-osmotic shock. This is likely due to the mechanical disassembly of the caveolae structure after its flattening. Conversely, removal of the mechanical force led to caveolae reassembly and to a reduction of the amount of free Cav1 at the plasma membrane presumably through the reincorporation of free Cav1 into newly assembled caveolae. [11] It is therefore tempting to speculate that the ON/OFF cycle of caveolae disassembly/reassembly induced by mechanical stress will have an impact on the activation/inactivation cycle of signaling molecules associated with caveolae either through direct binding to Cav1, or through the release of caveolar constituents from the plasma membrane to other intracellular destinations. [8] It is also possible that the Cav1 CSD may be differently accessible to CBM-containing signaling molecules whether Cav1 is assembled into a budded caveolae or is diffusing freely at the plasma membrane. Thus, there would be a dynamic competition between Cav1 CSD for caveolae assembly (i.e. CSD interacting with Cav1 CSD) and signaling effectors (i.e. interacting with CBM-signaling effectors). Variations of the mechanical landscape measured in tumor and stroma cells may alter this regulation in a stage-dependent manner. We propose that the dual role of caveolae and Cav1 in cancer may be related to this new concept. [8] At early stages of tumor progression, mechanical forces encountered by cancer and stromal cells would be minimal and functional caveolae would be able to respond to these forces by flattening out and by releasing free Cav1 in the plasma membrane, which would activate anti-tumoral or inhibit pro-tumoral signaling effectors. At later stages, increased stiffness, the membrane tension, and mechanical forces would overwhelm the capacity of caveolae to respond which in turn would activate pro-tumoral or inhibit anti-tumoral signaling effectors. Mutations such as the Cav1 P132L mutation described above [72] [73] [74] or abnormal levels of Cav1 and Cav1 partners expression such as cavins [154] could also lead to impaired caveolar mechanical responses in tumors. We believe this hypothesis provides a possible explanation to the apparent dual role of caveolae in tumor progression by linking the stage of tumor evolution with the mechanical environment and the mechanosignaling response by caveolae.
Conclusion
Cav1, a key structural component of caveolae, is clearly involved in tumor progression. Whether this is Cav1 expression or Cav1 loss that is, critical for tumor progression remains debated. The answer may be more complex than just Cav1 expression levels. Indeed, a biphasic expression pattern was observed with Cav1 acting as a tumor suppressor at an early stage of transformation and tumor progression, whereas the oncogenic activity of Cav1 could induce migration and metastasis at later stages. This notion of two opposite roles for the same protein, depending on the stage of tumor progression, has been already described. For instance, transforming growth factor-beta (TGF-β), a prominent player in cell differentiation and proliferation, has been shown to either promote or suppress tumorigenesis depending on the tumor developmental stage. [155] Since caveolae have been associated with the regulation of TGF-β signaling, [156] it will be important to investigate whether this regulation depends on the mechanical stage of the tumor. An array of recent evidence indicates that studies on caveolae in cancer should be replaced in the context of the latest findings on the mechanical role of caveolae. [11] It will be therefore important to investigate the involvement of the mechano-dependent cycle of caveolae disassembly/reassembly, and its consequences on the mechanosignaling pathways involved in tumor progression for different types of cancers.
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